A demonstrated hybrid method based on the combination of half-space physical optics method (PO), graphical-electromagnetic computing (GRECO), and Monte Carlo method on echo signals from low-flying targets based on actual environment for airborne radar is presented in this paper. The half-space physical optics method , combined with the graphical-electromagnetic computing (GRECO) method to eliminate the shadow regions quickly and rebuild the target automatically, is employed to calculate the radar cross section (RCS) of the conductive targets in half space fast and accurately. The direct echo is computed based on the radar equation. The reflected paths from sea or ground surface cause multipath effects. In order to accurately obtain the echo signals, the phase factors are modified for fluctuations in multipath, and the statistical average value of the echo signals is obtained using the Monte Carlo method. A typical simulation is performed, and the numerical results show the accuracy of the proposed method.
Introduction
Due to Earth curvature, terrain masking, and clutter interference, low altitude targets are difficult to detect by the ground radar [1] [2] [3] . Hence, the flying targets including military aircrafts and crushing missiles can make low or ultralow altitude flying to avoid the radar detection. However, airborne early warning (AEW) radar plays a primary role in the detection of low-flying aircraft, which are out of the coverage of ground radars [4, 5] . The AEW system also plays an important role in other aspects, such as the coordination of search and rescue and airborne rendezvous control. Owing to vast cost in an AEW system experiment and other difficulties, the simulation of the AEW system based on computers is an effective way to evaluate its performance [6] [7] [8] [9] [10] . An accurate estimate of the detection probability and other performances in look-down mode for airborne radar can be obtained by a simulation code that reproduces the output of the signal processor in every practical operating condition. To improve the detection performance, it is necessary to accurately obtain the echo signals from low-flying targets for airborne radar.
The problem has been studied by many other authors [1, 2, 11, 12] . The work finished in [1, 2] has dealt with AEW radar system in detail and briefly introduced the theory of AEW radar system on evaluating the electromagnetic characteristics of the interactions between the targets and the environment. The tropospheric propagation channel background is exactly described for low-altitude surveillance, and wideband frequency is utilized to mitigate and exploit specular multipath channel characteristics in [11] . The experimental data for a variety of terrain types is presented in [13] , which indicates that a statistical analysis is required for the signal strength in practice. However, the experiments are carried out just for one-way propagation. The probability density function (PDF) of target's echo in the presence of multipath effects is discussed in [12] , but only two ways of echoes are considered with the flat-earth geometry. When the radar's altitude increases, some important assumptions will not be satisfied.
The statistical simulation of echo signals from low altitude targets based on actual environment for airborne radar is presented in this paper. The low-flying target RCS is calculated 2 International Journal of Antennas and Propagation by using the quasistationary approximation. The half-space physical optics integral equation is derived by introducing the half-space Green's function into PO. Combined with the graphical-electromagnetic computing method, the RCS of conductive targets can be calculated in half space exactly and efficiently. Along with the description of the dynamic situations, the direct echo is computed based on the radar equation. There are reflected paths from sea or ground surface giving rise to multipath effects. The phase factors are modified using the Monte Carlo method in order to eliminate the fluctuations caused by multipath, and the statistical characteristics of echoes are obtained at last.
The organization of this paper is shown as follows. In the first part of Section 2, the relative incident direction is derived by coordinate transformation, and the RCS of the low-flying target is calculated by the half-space physic-optics method, combined with GRECO [14] . The second part of Section 2 describes multipath propagation modeling and introduces the Monte Carlo method to modify the phase factors of different paths for the statistical characteristics of echo signals. In Section 3, some simulations are given, as well as the results and comparisons among the simulations. Conclusion is drawn in the final section.
Theory

Dynamic RCS of Low-Fly Targets.
The echo signal power is dependent on the target RCS. As the low-altitude target is flying closely to the ground or sea surface, its RCS is quite different from the one in the free space. The incident wave direction of propagation is determined by the radar-target engagement geometry and described by the azimuth angle and the elevation angle with respect to the target bodyfixed axes. In order to calculate the target RCS of the target illuminated by the radar, and should be achieved by coordinate transformation [15] with the given longitudes, latitudes, heights, and attitudes of the radar and the target (Table 1) . When the incident wave direction of propagation is obtained, the low-flying target RCS can be exactly calculated using half-space physic-optics method [16, 17] .
Half-Space PO for Radar Targets.
Considering an arbitrarily shaped object illuminated by a plane wave in the half space, surface is assumed to represent a closed surface of target. The far zone scattering fields of the conductive target in half space can be expressed as
where and Φ represent the vector and scalar potentials due to the surface current ( ), respectively. The half-space Green's function can be expressed by the vector or scalar potentials, and the vector potential is not uniquely specified among literatures. It is expressed in this paper using the form mentioned in [18] as follows:
in which
where , , , and denote the spatial domain half-space Green's function for the vector potentials and , , and denote the spatial domain half-space Green's function for the scalar potentials [19, 20] . According to the position of targets, the terrain below targets can be derived from digital feature analysis data (DFAD). Then the ground characteristic is introduced into half-space Green's function. The fluctuant ground is equivalent to the medium surface in lower half-space.
As stated before, the half-space Green's function has been introduced into PO to compute the electrically large targets in the half space. Combined with the graphical electromagnetic computing method (GRECO) [14] , the geometry information of each illuminated plane is obtained by reading the colors and depths of each pixel, and the shadow regions are eliminated by displaying lists technology of OpenGL to rebuild the target. Hidden surfaces of the image have been previously removed by the hardware graphics accelerator. Then we make use of the resolution to disperse the curve face into pixels that satisfy the requirement of the electromagnetic calculation; meanwhile, the scene is rendered using the Phong local illumination model [21] . For three light sources of purely green, red, and blue colors, respectively, located over each one of the three coordinate axises, the three color components for this pixel are equal to the ( , , ) components of the unit normal to surface. Meanwhile, the depths of each pixel are obtained in the same way.
The far zone scattering fields of the conductive target in half space is expressed as
Equation (4) is then calculated for every illuminated facet, and the complex RCS due to scattering from every illuminated facet is calculated as [22] 
where exp( ) is the phase term which is introduced into the equation in order to account for the facet location with respect to the global coordinate system, and is the position vector for the facet's reference vertex with respect to the global coordinate system. By using half-space PO to evaluate the scattering from the target in half-space, note that the use of GRECO to remove shadowed surfaces is valid for the direct field incidence direction not for ground reflections. This is valid only if the target is low flying, because the incident and ground-reflection directions are almost parallel. In this case, the demonstrated half-space GRECO is appropriate to the analysis of the scattering from the low-flying target. Figure 1 shows a perfectly conducting flat plane (8 × 8 ) which is placed /4 above the soil. represents the wavelength in the vacuum. The relative dielectric permittivity of the soil is = 4.0, and the relative magnetic permeability is = 1.0. Figure 1 shows that the half space RCS and the free space RCS matches very well at the backscatter angle. However, at other incident angles, there are noticeable differences between them for 4-5 dbsm. Hence, the conclusion is drawn that it is necessary to consider the effect of the half-space environment.
Multipath Effects
Multipath Model.
In detecting low altitude targets, the presence of reflections from sea or ground surface can cause multipath propagation. In some literatures, the implicit assumption is that only one reflection path exists [12] . However, in practice, four different paths, including direct-direct, direct-reflected, reflected-direct, and reflected-reflected, are contributing to the radar received signals, as shown analytically in Figure 2 . The total echo from a low-flying target is thus a superposition of four ways of signals, each with a different path. Multipath propagation can cause signal cancellation in adaptive beamforming [23] and errors in lowangle radar tracking [24] . A highly deterministic multipath model is constituted in [25] .
The complex RCS can be written as √ . Based on the radar equation [1] , the complex voltage coefficient of directdirect echo signal received by the radar is expressed as
where is the radar transmit peak power, is radar wavelength, is the RCS of target, ( ) is radar antenna gain, is the angle between the target and radar beam boresight, is composite loss, is the distance from the radar to the center of target and can be obtained through the coordinates of radar and target, and is the total phase brought by the receiver system.
Since the path differences of the direct and multipath returns are usually less than the range resolution of the radar, the different returns are delivered into relevant range gates, resulting in fluctuations. Thus, the magnitude of the superposition of four signals can be expressed as 1 , 2 , 3 , and 4 are the magnitudes of complex RCS of different ways. is the reflection coefficient. Δ 1 , Δ 2 , and Δ 3 are the path length differences of three reflected rays compared to the direct. 1 and 2 are the distances of radar-to-reflection point and target-to-reflection point, respectively.
Multipath interference from a rough surface generally involves two components, which are specular and diffuse reflections. The specular reflection coefficient can be expressed as
where 0 is Fresnel reflection coefficient, is the specular scattering factor, and is divergence factor. For horizontal polarization, 0 is expressed as [25] 
For vertical polarization, it is expressed as
The divergence factor is taken into account due to the curvature of the Earth and given as
The root mean square (RMS) value of the specular scattering factor is given as
Here, ℎ is the RMS value of the wave height.
The diffuse reflection coefficient is given as
where 0 is the Fresnel reflection coefficient defined in (9) and (10) and is the diffuse scattering coefficient [26] . The Rayleigh roughness criterion from optical theory is commonly used to estimate the maximum surface irregularity that will not significantly lower the reflection coefficient [27, 28] :
where Δℎ is the maximum peak-to-trough variations and is the grazing angle of reflection point. If (14) is satisfied, the surface can behave as an essentially smooth dielectric, where the specular reflection will occur.
Estimation Approaches Based on Monte Carlo Methods.
The one-way propagation experimental data for a variety of terrain types are presented in [13] , which indicate a statistical simulation is required for the signal strength in practice. References [1, 2, 11] treat the path length differences Δ 1 , Δ 2 , and Δ 3 as deterministic variables. However, the errors caused by multipath geometry calculation are so large with respect to the wavelength that they can confuse the interference. For a radar operating at 1 GHz, an error of 0.15 meter will cause a phase error of 180 ∘ . Also, due to airborne radar working at a large height, the gracing angle of the target is usually so large [1] that it causes a significant difference of direction between the direct and reflected ray, which makes the phases of scattering fields of the direct and reflected ray quite different from each other. Hence, the phase factors will be treated as variables which satisfy some PDF. The statistic peculiarity of echo is calculated with Monte Carlo methods.
Monte Carlo methods are algorithm for solving various kinds of computational problems by using random numbers [29] . It is a means of treating mathematical problems by finding a probabilistic analog and then obtaining approximate answers to this analog by some experimental sampling procedure. The solution of a problem by this method is closer in spirit to physical experiments than to classical numerical techniques. In our calculations, the number of samples is increased to achieve a fairly regular distribution. As for the error from the Monte Carlo sampling technique, it can be made negligible by making the number of samples sufficiently large.
To simulate the instantaneous amplitude from echo signals with Monte Carlo method, firstly the probabilistic model according to the problem should be established. From formula (7), the phase factors can be rewritten as
where 1 , 2 , and 3 are the remainder of phase differences divide 2 of three reflected rays compared to the direct. For airborne radar, we know that the path length differences of three reflected rays compared to the direct can far exceed the wave length, so 1 , 2 , and 3 can be supposed to three sequences of random numbers from a uniform distribution in (0, 2 ). And expression (7) can be derived as
With the most widely used mixed congruence method [30] , we generate three sequences of random numbers , , and ( = 1, 2, . . . , ), which is uniformly distributed in the interval (0, 1), where , , and are the multipliers; , , and are the increment; is the modulus.
Given 1 = 2 , 2 = 2 , and 3 = 2 in formula (16), run the Monte Carlo simulation n times to estimate the echo signals from low altitude targets accurately based on actual environment for airborne radar.
By using a sufficient number of samples, a probability distribution is obtained to describe echo signals. The statistical characteristics of the echo signals can be illustrated at last.
Results and Discussion
The missile is adopted in the simulation as shown in Figure 3 with its RCS in Figure 4 .
The PDF of magnitude of echoes is shown in Figure 5 when the target is flying at a height of 20 m above the sea. According to the radar equation, the magnitude of direct ray is 6.4416 × 10 −7 V. Figure 5 indicates that the magnitude of echoes can be different from direct ray due to multipath.
The magnitudes of direct echoes in the situations of different target's heights are shown in Figure 6 , and the PDFs of magnitude of echoes normalized to the direct ray in the same situations are shown in Figure 7 . As can be seen in Figure 6 , the magnitudes of direct echoes vary with target's heights. The prime reason for that is the target RCS's variation caused by the different azimuth angle and the elevation angle with respect to the coordinate system of the target. Figure 7 shows the influences of multipath at different heights. In the conditions of the target flying at low heights (about a few hundred meters), the PDFs vary little with the heights, while the normalized magnitude of echoes with respect to the peak of the PDF reduces a little. As illustrated in Figure 7 , when the target is at heights of below 2000 m, the magnitudes of echoes normalized to the direct ray vary mainly between 0 and 4. The peak probability densities are in the range of 0-1 and the corresponding normalized magnitudes of echoes are in the range of 1-2. These results in Figure 7 are similar to the ones in Figures 14 and 15 of [13] , which make the demonstrated algorithm valid in this paper. However, the terrain in this paper was produced from the digital feature analysis data (DFAD), yet, in [13] , the desert terrain for simulations was produced from the defense mapping agency (DMA) data; the experiments were made in New Mexico and Northern Maine. The differences between the results in this paper and those in [13] are mainly caused by the differences in the terrains, the frequencies, the geometries, and attitudes of the targets, the heights of the airborne radars and the targets, the number of samples, and so forth. As the target is flying higher, the influences of multipath become less to the echoes until the indirect ways disappear. In practice, if the target height is at least moderately large, the range resolution of the radar is less than the path differences of the direct and multipath returns, so the radar is able to resolve them. As radar height decreases to a height of ground based radar, the difference in angle between reflected and direct paths can be ignored, which causes the fluctuations in phase disappearing for lowflying targets, and the PDF of magnitude of echoes is similar to Figure 6 of [12] .
Conclusions
For airborne radar to detect low altitude targets, a demonstrated hybrid method based on probability, statistics, and computational electromagnetics is proposed in this paper to give a statistical simulation of echo signals based on actual environment. The half-space physical optics combined with the graphical-electromagnetic computing method is employed to calculate the RCS of low-flying targets sufficiently accurately and efficiently in half space. Considering the fluctuations due to the multipath effects, the phase factors are modified with the Monte Carlo method. With this method, the target echo signals from low altitude targets can be obtained accurately for the radar simulation system, and the statistic characteristics of echo signals can be accurately and properly simulated. The demonstrated method in this paper is of great help for the radar researcher to evaluate the detection probability and false alarm probability of special targets, the signal-to-noise ratio (SNR) of emission pulses, and so on.
